GroEL is an
2
with GroES in a nucleotide-dependent manner and facilitates protein folding.
The current understanding of the GroEL-GroES reaction cycle is as follows (3, 4) .
First, the unfolded protein binds to one of the GroEL rings. Subsequently, ATP and GroES bind to the same ring (the cis-ring; a GroEL ring that has a bound GroES) and encapsulate the unfolded protein in the cavity of a GroEL-GroES complex.
Until ATP in the cis-ring is hydrolyzed, ATP and the second GroES cannot bind to the opposite GroEL ring (the trans-ring; a GroEL ring that does not have GroES) due to the negative cooperativity between the two rings of GroEL. After ATP in the cis-ring is hydrolyzed, GroES, ADP and the trapped protein are released from the cis-ring by the binding of ATP and an unfolded protein to the trans-ring. At the same time, the second GroES associates with the trans-ring of GroEL to form a new cis-ring. In short, GroES binds to each ring of GroEL alternatively (two stroke model), and thus it is widely believed that an asymmetric GroEL-GroES complex (termed a bullet-shaped complex) is the only form of the GroEL-GroES complex, and a symmetric GroEL-(GroES) 2 complex (termed a football-shaped complex) is not formed during the reaction cycle (5-7). On the other hand, football-shaped complexes have been observed by electron microscopy (8, 9) and chemical cross-linking experiments (10, 11) .
However, it is undeniable that electron microscopy and chemical cross-linking studies do not always reflect the situation under physiological conditions due to the fixation procedure by negative staining or glutaraldehyde cross-linking. to remove contaminating ATP as described previously (13) . The E315C variant of GroEL (termed EL315) replaces the 315th glutamate with cysteine without substitutions of endogenous cysteine residues. The ES98C version of GroES adds a single cysteine at the C-terminus of each GroES subunit (14) . The D398A variant of GroEL replaces the 398th aspartate with alanine (15) .
Wild-type and mutant GroEL and GroES were expressed in E. coli cells and purified as described previously (16) . Purified proteins were stored in a 65% saturated ammonium sulfate suspension until use. (1 mM BeSO 4 and 10 mM NaF) was preincubated at 23ºC. Subsequently, ATP or ADP was added to the solution and the fluorescence spectrum was measured. All experiments were carried out in the presence of 1.0 mg/ml BSA to avoid adsorption of GroEL and GroES to a tube or cuvette.
Fluorescence labeling of proteins ----For the
Fluorescence spectra were measured at 23ºC with a spectrofluorometer (FP-6500; Jasco, Tokyo, Japan) using a microcuvette (3×3×37 mm; Jasco)
except for the experiment shown in Fig. 3 , where a 10×10×45 mm cuvette was used instead. The excitation wavelength was 520 nm (Cy3) or 525 4 nm (TMR). The FRET efficiency was determined by equation [1] .
FRET efficiency = 1 -F DA /F D [1] ,where F DA is the fluorescence intensity of donor-labeled EL315 in the presence of acceptor-labeled ES98C, and F D is the fluorescence intensity of donor-labeled EL315 in the presence of unlabeled wtES.
All experiments were respectively repeated three times. The molar ratio of fluorescence dye to GroEL (tetradecamer) or GroES (heptamer) was kept constant, since it affected the FRET efficiency. The detailed experimental procedures and ratios of dye per protein in each experiment are described in the figure legends.
Electron microscopy ----1 mM ATP was added to a solution containing 50 nM EL398, 500 nM GroES, and 500 nM dMDH in HKM buffer and incubated for 1 min at room temperature.
Subsequently, an aliquot of the solution was applied to an electron-microscope-specimen grid covered with a carbon film. The specimen was stained with 1.0% uranyl acetate and observed with a transmission electron microscope (Tecnai 
RESULTS

FRET assay revealed that about half of the
GroEL-GroES complexes formed a football-shaped complex during the functional reaction cycle ----To analyze the ratio of bound
GroES to GroEL during the reaction cycle, we employed a FRET assay in the presence of dMDH (Fig. 1A) . We confirmed that 500 nM dMDH was sufficient to saturate the ATPase activity of GroEL.
Therefore, it is reasonable to assume that a ring or both rings of GroEL are occupied by dMDH in our 5 experimental conditions. However, dMDH is not shown in Fig.1A because we could not determine whether dMDH attached to either or both of the rings in our study.
For the FRET analysis, we replaced a glutamate with a cysteine at the 315th amino acid of GroEL, which is located at the apical domain near the site of GroES and substrate binding (12) , and one cysteine residue was added to the C-terminus of GroES as described previously (12, 14, 17) . In a previous study, three endogenous cysteine residues present in GroEL were replaced with alanine for site-specific labeling of fluorescence dye at the 315th cysteine (12, 17) .
However, this mutant is known to show a 30-40% reduction of ATPase activity compared to the wild-type GroEL (wtEL) (12) . Therefore, we constructed EL315 without replacing the endogenous cysteines. These mutants showed no reduction in ATPase activity and refolding activity in the presence of GroES (Supplemental Data Fig.   S1 and S2). These results indicated that EL315 and ES98C exhibit similar behavior to wtEL and wtES, respectively. Subsequently, a donor chromophore, Cy3 or TMR, was attached to the cysteines of EL315 and an acceptor chromophore, Cy5, was attached to the cysteines of ES98C. We confirmed that wtEL was less labeled with TMR-maleimide than EL315 (Supplemental Data Fig. S3 ), therefore, we concluded that the 315th cysteine was labeled prior to intrinsic cysteines in GroEL.
Fluorescent labeled EL315 and ES98C also exhibit similar behavior to wtEL and wtES, respectively (Supplemental Data Fig. S1 and S2 Cy3-EL315/398 (Fig. 4A, closed circles) . The result was quite different from that of Cy3-EL315
in the presence of ATP (Fig. 1C, closed circles) , but similar to that of Cy3-EL315 in the presence of ATP + BeF x (Fig. 1C, closed diamonds) .
Next, we observed EL398-GroES complexes formed in the presence of ATP using electron microscopy. We found that ~86% (84 out of 98) of the identified side views of GroEL-GroES complexes were football-shaped complexes (Fig. 4B) . From these results, we concluded that EL398 forms a football-shaped complex in the presence of ATP and that the second GroES associates with the trans-ring of the ATP-bound bullet-shaped complex.
To confirm that both rings of a football-shaped EL398-GroES complex were occupied with ATP, we examined the quantity of nucleotides bound to a football-shaped EL398-GroES complex ( (Fig. 3) . Considering the ratio of GroES (5.1 µM)/GroEL (2.6 µM) (26) and ADP (1.04 mM)/ATP (7.90 mM) (27) in E. coli, football-shaped complexes are expected to exist in vivo (Fig. 5) .
We showed that an ATP hydrolysis-defective mutant, EL398, forms a football-shaped complex in the presence of ATP.
This result was surprising, because EL398 has been previously thought to form an asymmetric bullet-shaped complex in the presence of ATP.
Therefore, EL398 was commonly used to characterize the ATP-bound bullet-shaped complex 11 (12, 28, 29) . In these studies, GroES was considered not to bind to the trans-ring of the bullet-shaped complex (12,28). As a result, studies of EL398-GroES complexes have often been carried out in a solution containing equal amounts of EL398 and GroES. For instance, a study using cryo-electron microscopy reported that 10-20% of football-shaped complexes were observed even under this experimental condition (28). It would not be surprising if a large population of EL398
formed football-shaped complexes in the presence of a GroES to EL398 ratio of 2:1 or higher (Fig.   4 ).
EL398 in which both rings were occupied by ATP formed football-shaped complexes (Table 1) (B) FRET efficiency of GroEL-GroES interaction at different ATP concentrations. 50 nM TMR-EL315, 500 nM Cy5-ES98C or wtES, 500 nM dMDH, and 1.0 mg/ml BSA were preincubated at 23ºC in HKM buffer with ATP-regeneration system (5 mM phosphoenolpyruvate, 10 µg/ml pyruvate kinase).
Subsequently, various concentrations of ATP were mixed 2 min before measuring fluorescence spectra. respectively. Data represent mean ± SEM (n=3).
Fig. 5 Schematic model for the reaction mechanism of GroEL and GroES
A football-shaped complex is formed when both rings of GroEL are occupied with ATP. However, in the presence of ADP, ADP inhibits the association of ATP with the trans-ring of bullet-shaped complex, and as a result, the second GroES does not bind to the trans-ring of GroEL. Unfolded protein substrates are not included in this figure because we could not determine whether dMDH attached to the cis-ring or trans-ring or both rings in our study. [GroES]/[EL398] FRET efficiency B Sameshima et al. Fig. 4 
Table 1 Quantitation of nucleotides bound to the EL398-GroES complex
Conditions
